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(57) Abstract: An optical device comprises a substrate on which is provided two input waveguides (100, 1 10) connected to a first 
optical coupler (120), two output waveguides (130, 140) connected to a second optical coupler (150), and a pair of waveguide arms 
(160, 170) connected between the two couplers, wherein the first optical coupler comprises two waveguide portions (122, 124), a 
first one of which has a greater relative width than the second, and wherein the second optical coupler comprises two waveguide 
portions (152, 154), the first one of which has a smaller relative width than the second, the first waveguide portion of the first coupler 
being connected by a first one of the waveguide arms to the first waveguide portion of the second coupler, and the second waveguide 
portion of the first coupler being connected by the second waveguide arm to the second waveguide portion of the second coupler. 
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OPTICAL DEVICE 

This invention relates to optical devices, and in particular to directional 
couplers used in Mach-Zehnder Interferometer (MZI) devices. 
5 Integrated optical devices have many uses in the fields of optical 

communication, optical sensing and optical processing. These are optical components 
formed by depositing or fabricating waveguide structures on a planar substrate. 

This technique has many established advantages over the use of discrete optical 
components based on fibre or bulk optical technology. Many separate functional 

10 components can be fabricated on a single substrate, saving manufacturing costs and 
allowing the temperature and other environmental conditions to be equalised across the 
group of components. The waveguides on an optical integrated circuit can often 
follow curves which are far too tight for optical fibres. Also, the waveguide material 
can be chemically altered in various ways, or even substituted by a different material 

15 such as a polymer, without having to allow for the mechanical stress of the fibre 
drawing process or the need to maintain the physical strength or integrity of the 
waveguide. 

Figure 1 of the accompanying drawings schematically shows a typical structure 
of an optical integrated circuit: In the example shown, ~a~silicon substrate TO has^ a " 
20 thermally grown silica (Si0 2 ) buffer layer 15. A waveguide core 20 is fabricated by 
depositing a layer of silica, doped for higher refractive index, for example by flame 
hydrolysis deposition followed by a consolidation step, and then etching away all but " 
the required waveguide core. A cladding material 25 such as silica but doped so as to 
be of lower refractive index than the waveguide core is then deposited over the 
25 waveguide core structure. A heating element 35 over the core is also illustrated. 

Figures 2a to 2b of the accompanying drawings schematically illustrate typical 
optical components formed using the above techniques. The components comprise 
input waveguides 40, a first optical coupler 45 functioning as a splitter, a pair of 
4 waveguide arms 50 and a second optical coupler 55, functioning as a combiner with 
30 these parts in combination forming a Mach-Zehnder interferometer (MZI) 
arrangement. 
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These devices are particularly useful because the optical path length along one 
or both of the arms can be varied. For example, if a heating element 35 such as a thin 
track of an electrically resistive metal is fabricated on the cladding layer over one of 
the arms, that arm can be heated and the change in temperature caused in turn alters 
5 the optical path length of that arm. In this way, integrated optical MZIs can form 
functional parts of switches, routers, attenuators and the like. 

Light supplied along an input waveguide, say input 1, is split between the two 
waveguide arms. After propagation along the arms it is recombined at the combiner 
(which in the devices shown has the same configuration as a splitter). The output from 
10 there depends on the relative phase of the two signals at the combiner, which in turn 
depends on the relative optical path lengths of the two arms. If the two signals are in 
phase at the combiner, for example when both arms are of equal length, then 
substantially no bar-state output signal will be generated, that is at output 1, and the 
signal will be switched to output 2. A different phase difference will lead to a greater 
15 output signal on output 1, with a maximum being obtained at a 180° phase difference. 
When the differences between the phase of the signals at the combiner is ± 7t/2 the 
signal is split equally between the two outputs. 

As shown in Figure 2b an extra phase-shift of n can be introduced by making 
one of the waveguide's arms longer. This makes it possible in the unpowered (off-) 
20 state to switch input one to output one. 

One disadvantage of having waveguide arms of different lengths, is the extra 
curves required in the longer arm, which probably will cause some extra bend loss and 
scattering losses. However, bend losses can be reduced by using offsets between the 
curves of a waveguide. 

25 When a directional coupler is used as a 3dB-splitter, which splits an input 

signal 50:50 between two outputs, various different configurational options can be 
chosen. The first option is to use symmetrical waveguides (both waveguides having 
the same width and shape) with a coupling length (L) of 1 /aL c where Lc is the coupling 
length for full coupling of a signal from one waveguide to the other. Another option is 

30 to use asymmetrical waveguides (both waveguides have different shape and/or 
widths), with coupling lengths of Lc. 
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The advantage of the second option is that the structure is not so dependable on 
wavelength variation, because the variation in the coupling length is more tolerable. 

To obtain strong coupling, the coupling length must be as small as possible. 
This can be seen in the following equation: 

5 



L = 71 71 

(Po- Pi) 2k 

10 

With p 0 =propagation constant of the even super-mode and pi propagation 
constant of the odd super-mode, and K=coupling coefficient. 

Figure 3 of the accompanying drawings shows the configuration of a 
directional coupler. This comprises two waveguides with curved input/output sections 
15 70, 72 and a coupling region there between of length L. In the coupling region the two 
waveguides are separated by a distance C S\ 

Figures 4 to 7 show various possible different types of coupler which can be 
achieved by changing the waveguide cores in the coupling region. Figure 4 shows a 
symmetric directional coupler in which the two arms of the coupler have the same 
20 cross-sectional geometry and refractive index profile; Figure 5 shows ah asymmetric 
coupler with straight waveguides, but of different widths, Dl and D2; Figure 6 shows 
an symmetric coupler with one tapered_ and one straight waveguide; and Figure 7 
shows an asymmetric coupler with two tapered waveguidesr 

Symmetric couplers have very good coupling ratios, ranging from 0 to 1. 
25 However, they have a very wavelength dependent response (i.e. power output varies 
with wavelength of input light). In many applications, directional couplers with a 
substantially wavelength independent response or wavelength flattening properties(i.e. 
compensation for wavelength dependence), are desirable. For a symmetric directional 
coupler, the coupling coefficient only approximates to being wavelength independent 
30 in the wavelength range of from 1500 to 1600nm, for a difference between the 
refractive index of the waveguide core tp that of its surrounding cladding, of 0.25%. 
With this refractive index difference the required waveguide dimensions and 
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separation fall within possible fabrication tolerances. For example 5.8(-un for the 
waveguide width and 6.5|im for the separation, 'S\ 

However, when the refractive index difference is greater than this, for example 
0.5%, the required separation, for example, becomes about O.Olum and the waveguide 

5 widths about 5 jam. Such dimensions often do not meet bulk processing tolerances, and 
instead require dedicated and expensive fabrication processes to be used. Also at this 
kind of separation the coupling coefficient is very high, resulting in. a very short 
coupling length («350|am). 

Furthermore, in symmetric couplers the bends in the waveguides (prior to the 

10 coupling region) introduce an extra phase shift, so the light signals have already 
coupled once before they reach the intended coupling region. When the light has 
coupled once the next total coupling will be less than 100% (i.e. giving a non-zero 
coupling ratio), so we believe the configuration of a symmetric directional coupler is 
not in practice suitable for making a wavelength flattening 3-dB splitter. (See also the 

15 below discussion regarding extinction ratios and non-zero coupling ratios.) 

Asymmetric couplers of the type shown in Figure 7 are wavelength flattening 
because the phase difference between the odd and even mode accumulated over the 

first Jialfpf the jcoupleL length. is reverseiover the second half. One dis adv antage of 

these couplers is that the coupling ratio of these types of couplers is not as good as that 

20 of a symmetric coupler. 

Asymmetric couplers of the type shown in Figure 6 with one straightand one 
tapered waveguides have the worst properties. Table 1 shows an overview of the 
minimum' and maximum coupling ratios of different kinds of couplers. 



Table 1 



Type of Coupler 


Symmetry 




Coupling 
ratio 




Wavelength- 
flattening 




Line-Sym. 


Point Sym. 


Min 


Max 
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Symmetric 
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The most important parameter of Table 1 is the minimum coupling ratio, 
because this determines the maximum extinction ratio. It is desirable for the 
maximum extinction ratio to be as large as possible. The extinction ratio is often 

5 quoted as the difference between the power of the signal output from one output 
channel of the coupler device in its 'on' state (i.e. "bar" state) and the power of the 
signal output from the same output channel of the device in its 'off state (i.e. "cross" 
state). A non-zero coupling ratio means a lower extinction ratio. It can be seen from 
Table 1 that the configuration with two tapered waveguides is not suitable for 

10 obtaining high extinction ratio, although it does show a good wavelength response. 

The optical device of the present invention has been found to have improved 
characteristics. 

The present invention provides an optical device, such as a Mach-Zehnder 
Interferometer (MZI), comprising a substrate having two input waveguides connected 
15 to a first optical coupler, two output waveguides connected to a second optical coupler, 
and a pair of waveguide arms connected between the two couplers, wherein the first 
optical coupler comprises two waveguide portions, a first one of which has a greater 
relative width than the second, and wherein the second optical coupler comprises two- 
wave^id^portions,~the first one of which has a snialleFrelative width th^th^secondr 
20 the broader waveguide portion of the first coupler being connected by a first one of the 

waveguide arms to the narrower waveguide portion pfjhe_ second coupler, _ and the 

" naiirower " waveguide" portion " of the first coupler being" connected by the~ second- 
waveguide arm to the broader waveguide portion of the second coupler. 

The invention will be defined in more detail in the appended claims to which 
25 reference should now be made. 

Preferred embodiments of the invention will now be described with reference 
to the drawings in which: 

Figure 1 schematically illustrates a typical structure of an optical integrated 

circuit; 

30 Figures 2a and 2b schematically illustrate typical Mach-Zehnder 

Interferometers (MZIs); 
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Figure 3 shows the configuration of a directional coupler with offsets at the 

bends; 

Figure 4 shows the configuration of a symmetrical coupler; 
Figure 5 shows the configuration of an asymmetric coupler with straight 
5 waveguides 

Figure 6 shows the configuration of an asymmetric coupler with one tapered 
and one straight waveguide; 

Figure 7 shows the configuration of an asymmetric coupler with two tapered 
waveguides; 

l o Figure 8 shows an optical device according to an embodiment; 

Figure 9 represents schematically a possible configuration of a TOS in one 
embodiment of the invention; 

Figure 10 shows a cross-section through the arms of an MZI; 
Figure 1 1 shows the configuration of a combination of 2x2 TOS switches 
1 5 according to another embodiment; 

Figure 12 shows the layout of the waveguides in the switch of Figure 11; 
Figure 13 shows the possible layout of the waveguides in a single stage 2x2 
TOS; and 

Figure 14 shows the function of a low cross-talk switch. 

20 Referring to Figure 8, the optical device of an embodiment provides a planar 

substrate (not shown) on which there are two input waveguides 100, 1 10, connected to 
a first optical coupler 120, two output waveguides 130, 140, connected to a second 
optical coupler 150 and a pair of waveguides arms 160, 170 connected between the 
two couplers 120, 150. Each of the first and second couplers comprise a pair of 

25 waveguide portions 122, 124, 152, 154, each one of a pair having a relative different 
width to the other of the pair. The waveguide portions are arranged such that the first- 
coupler waveguide portion of greater relative width is connected to the second-coupler 
waveguide portion of smaller relative width; and the first-coupler waveguide portion 
. of the smaller relative width is connected to the wider of the two second-coupler 

30 waveguide portions. Thus the second coupler compensates for the phase-difference 
changes introduced by the first coupler, and has a compensating wavelength response 
to that of the first coupler, to produce a compensated wavelength-flattened response. 
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In a preferred embodiment the optical device functions as a switch, and the two 
couplers of the device each comprise two straight waveguides of different widths, the 
couplers being inverted with respect to one another. 

For a device in which the difference, An, in the refractive index of the 

5 waveguide cores of the couplers to that of their surrounding cladding is 0.5% it is 
possible to make a 3-dB splitting directional coupler with dimensions which lie within 
fabrication tolerances, namely using waveguide portions of widths 6.0|im and 4.74|am 
respectively, with a separation of 3.7^im, and a coupiirtg length of 800|im. The device 
is optimized to work at 1550|im. 

10 The choice of An depends on the size of the device. The lower An is the lower 

the propagation losses are, but the larger also the bend radii will need to be to avoid 
high bend losses. If you have a higher An you can use a smaller radius of curvature 
for the bends as the light is better confined. 

The system works through using a combination of the properties of Table 1. 

15 The devices of the preferred embodiments have the excellent wavelength flattening 
response for splitting of a straight asymmetric directional coupler, combined with the 
reversed accumulated phase-difference properties of a tapered directional coupler 

(Figure 7). 

According to two embodiments of the invention, the MZI's of figures 2a and 

20 2b can each employ the directional coupler described above as the coupler (55) and/or 

splitter (45)." ~ - ~ 111:1 17 lJ rl* 111 "131 

Referring to Figure 9, a low power Thermo-Optic Switch (TOS) can be made 
by introducing an extra n/2 phase shift (at a wavelength in the middle of the desired 
range). 

25 In the single Thermo-Optic Switch (TOS) of the embodiment of Figure 9, the 

bar state of the switch is defined as when a signal input on input 1 is output on output 
1, with a signal input on input 2 being output on output 2. Conversely, the cross state, 
or x-state, is defined as a signal input on input 1 being output on output 2, with signals 
input on input 2 -being output on output 1. 

30 It has been found that the bar-state and x-state of this TOS have a WDL 

(Wavelength Dependent Loss) of 0.2dB, and a very good extinction ratio of less than 
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-30dB. This has been found to be a great improvement over switches using other 
configurations and combinations of couplers, such as combinations of Y-j unctions and 
tapered waveguides or even over two asymmetric waveguides which are not arranged 
in the compensation configuration, with one inverted with respect to the other. 
5 The compensation configuration has two main advantages, which lead to its 

good x-state extinction ratio. Firstly the configuration compensates in the second 
splitter for any deviation from a 50% split by the first splitter. Secondly the phase- 
wavelength dependency of the heater can be compensated. An introduced -90° 
physical phase-shift (from an extra path length in one waveguide arm), is compensated 

10 by a +90° phase shift introduced by the heater on that arm. Both phase shifts have the 
same but opposite phase- wavelength dependency. For this reason it is also possible to 
use this configuration as a Variable Optical Attenuator (VOA) by working in the x- 
state and using the output of the bar-state. At -20dB the VOA has a WDL of 1.08dB 
for a 1500-16Q0nm wavelength range. 

15 Figure 10 shows a schematic cross-section through the arms of an MZI 

showing the typical parameters of the waveguide cores. In practice the parameters 
used often depend upon the size of the die used in fabrication. 

Figures 13 show typical dimensions of a single stage MZI with asymmetrical, 
inverted directional couplers with input/output bends, showing the taper sections used 

20 to connect straight waveguide portions of greater width to curved portions of smaller 
width.. These taper sections are- required so that the width of the waveguides changes 
slowly enough that there is insignificant coupling of a transmitted signal with higher 
order modes. This is known as tapering adiabatically. 

A plurality of the above described TOS's can be used to make a 2x2 TOS 

25 switch as shown schematically in Figure 11. To connect all the single stages a 
crossing is needed. This is preferably at 90°, for optimal functionality and minimal 
cross talk, but this requires a larger overall structure of the switch. To minimize the 
size of the switch the crossing angle a can be reduced to as little as 20°, although 
a>30° is preferred. In one embodiment the crossing angle is about 20°, the offset at 

30 the bends is about 650^im, and the bend length is about 6500jwn with a cross-talk less 
than -45dB, a bend radius of I6.4jam and an insertion loss of 0.14dB. Another 
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example has a bend radius of 20jim, and an insertion loss of 0.07dB. The preferred 
widths and separation of the two couplers making up a TOS switch are as follows: 



Width 1 = 6fim ± 0.2^im; 

5 Width 2 = 4.74nm ± 0.2^m; 

Separation = 3.7|Lim ± 0.2(am; and 

Coupling Length = 800^m 

Referring to Figure 12, this 2x2 TOS switch has eight heaters in total, and uses 
10 three heaters' to switch each time. In the no power state the switch works in the 
broadcast mode. To make a blocking switch the power consumption increases by 
about double. The function of this 2x2 switch is explained in Table 2 below. 



Table 2 

15 



From Input No. 


To Output No. 


TOS No. 


State 


Power On Heater No. 
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Referring to Figure 14, this configuration works as follows. When a light 
signal is launched in input 1 and is to be switched to output 1, the first single stage 
TOS gives an extinction ratio of 20 dB. Then the main power of the signal will go to 
20 the stage of output 1, and the small unwanted signal propagates to the second stage 
TOS for output 2. At the single stage TOS for output 2 the unwanted signal is further 
reduced by transferring this signal to the dummy output. This will give an extra 20 dB 
extinction ratio. So the total extinction ratio between the two outputs will become 40 
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dB. For switching the signal from input 1 to output 2 all the three single stages have to 
be switched. 

The present invention provides an optical device which provides surprisingly 
good results combining a wavelength flattening response with a high extinction ratio. 
5 The device has many applications only some of which are mentioned here, but it finds 
particular use in TOS switches and VO As. 
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CLAIMS 

1. An optical device comprising a substrate on which is provided two input 
waveguides connected to a first optical coupler, two output waveguides connected to a 

. 5 second optical coupler, and a pair of waveguide arms connected between the two 
couplers, wherein the first optical coupler comprises two waveguide portions, a first 
one of which has a greater relative width than the second, and wherein the second 
optical coupler comprises two waveguide portions, the first one of which has a smaller 
relative width than the second, the first waveguide portion of the first coupler being 

10 connected by a first one of the waveguide arms to the first waveguide portion of the 
second coupler, and the second waveguide portion of the first coupler being connected 
by the second waveguide arm to the second waveguide portion of the second coupler. 

2. An optical device according to claim 1, wherein the waveguide portions of the 
15 first and second* couplers comprise waveguide cores of substantially constant width, 

with one waveguide core of each coupler having a greater width than the core of the 
other waveguide portion of the coupler. 

3. An optical device according to claims 1 or 2 ? in which the first and second 
20 "couplers are inverted with respect to one another. 

4. An optical device according to; claim 1,2 or 3 further comprising one or more - 
heating and/or cooling arrangement(s) for altering the temperature of one or both of 
the waveguide arms. 

25 

5. An optical device according to any preceding claim in which one of the 
waveguide arms provides a greater optical path length than the other. 

6. An optical device in which one or more waveguide portion(s) of coupler is 
30 connected to a waveguide arm and/or an input and/or an output waveguide via a 

tapered waveguide portion which is arrayed to adiabatically transmit optical signals. 
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7. An optical device further comprising offsets in the waveguide arms and/or the 
input and/or the output waveguides. 

8. A thermo-optic switch comprises a device according to any preceding claim. 

5 

9. A 2x2 thermo-optic switch comprising four optical devices according to any of 
claims 1 to 7. 

10. A variable optical attenuator comprising an optical device according to any of 
10 claims 1 to 7. 

11. A Mach-Zehnder Interferometer comprising one or more optical device(s) 
according to any of claims 1 to 7. 

15 12. An optical device substantially as described herein with reference to Figures 3 
and 8 to 14. 

131 A thermo-optic switch substantially as"described herein with" reference to 
Figures 3 and 8 to 14. 
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